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Abstract 
In laser cladding, the interaction of the substrate material, the laser beam and the powder stream play important roles 
in determining how the material is deposited. Previous models of the coaxial powder stream have concentrated 
either on mass flow dynamics or stream heating, neglecting the effect of the substrate. In this work, a comprehensive 
numerical model that considers the important parameters of the powder stream, the laser beam and the substrate 
material, is developed. It is clear from the work that the full three-way interaction of these elements, as in real 
processing situations, is necessary to accurately and reliably predict particle heating and effective fusion into the 
melt pool. 
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1. Introduction 
Laser cladding is a process used for applications such as coating of components subject to high wear, repair of 
high-value components for the aerospace industry, and prototyping applications for the medical industry. In simple 
terms, this technique consists of the use of a high-energy laser beam to generate a melt pool on a metallic substrate, 
into which additional metal in powder form is injected, as shown in Fig. 1(a). The metallic powder melts rapidly, 
above or within the melt pool, and bonds to the substrate base, to form a deposited clad.  
In order to achieve high quality deposits, it is necessary to fully understand the core phenomena governing the 
process, such as the powder stream flow dynamics, powder stream and substrate heating by laser irradiance, heat 
transfer from the beam and the melt pool to the powder particles, and heat flow from these to the surrounding 
environment. Fig. 1(b) presents a schematic of the phenomena found in laser cladding. These processes are difficult 
to study by experimental methods, due to the high temperature of the melt pool and the small size of the particles 
used and the laser spot. Processing occurs in a rapid-changing transient scenario, in which simulation becomes a 
more suitable investigative approach. 
 
* Corresponding author. Tel.: +44-752-707-5755. 
E-mail address: juansethi@gmail.com. 
c⃝ 2010 Published by Elsevier B.V.
Physics Procedia 5 (2010) 337–346
www.elsevier.com/locate/procedia
1875-3892 c⃝ 2010 Published by Elsevier B.V.
doi:10.1016/j.phpro.2010.08.060
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
Author name / Physics Procedia 00 (2010) 000–000 
Early works have studied different aspects of the process. Lin [1] studied laser attenuation, but assumed the 
powder stream to have a perfect Gaussian shape, and neglected the effect of particle velocity on stream heating. 
 
a b 
Fig. 1. (a) Schematic of the laser cladding process (the nozzle comprises four powder inlets), (b) Schematic of thermal processes in laser cladding 
Liu and Lin [2] modeled the heating of a single spherical particle in vertical free-fall, which is far from real 
processing conditions. Huang et al. [3, 4] analyzed the interaction of the laser beam and powder stream, but assumed 
that all particles in the powder stream have the same velocity, and that the laser beam does not have divergence. He 
and Mazumder [5] modeled laser - powder interactions, but considered the powder stream to have a Gaussian 
particle distribution at all positions. Wen et al. [6] modeled laser - powder interaction, but like the previous authors, 
did not consider the effect of the substrate in their works.  
It seems that all previous works have not taken into account the unavoidable presence of the substrate during 
cladding, and as such, a key element of the process has been missing. In this work, the cladding technique is 
modeled under conditions closer to reality by considering the interaction between the three fundamental elements of 
the process: the powder stream, the laser beam, and the substrate base. This can provide additional understanding of 
the governing phenomena. Powder stream dynamics are first analyzed using a numerical model. The model is 
experimentally verified at this stage. Then, powder stream heating is modeled using a lumped capacitance method. 
Laser – powder – substrate interactions are analyzed; particular attention is paid to the influence of the substrate. 
2. Powder stream dynamics 
2.1. Modeling of powder stream 
The dynamic behavior of particles that constitute the powder stream can be modeled using analytical or 
numerical techniques. Whereas analytical techniques can be useful [7, 8] for easily calculating some results such as 
stream spreading angle, stream diameter, converging distance, or normalized particle concentration, the accuracy in 
results obtained with these methods is limited due to the various simplifications imposed. Hence, analytical methods 
are deemed not suitable for a detailed study of the process. Numerical techniques, on the other hand, can produce 
more accurate solutions of stream motion. Computational Fluid Dynamics (CFD) codes have been used in the past 
for this task [9, 10]. In this work, the commercial code CFD-ACE+ is used. Due to its capabilities for multi-physics 
analyses, the stream formation as well as particle heating can be simulated under more realistic conditions. 
A cartesian three-dimensional model is used in the calculations. Due to symmetry, only half of the cladding 
environment is required. Above the top surface of the substrate, the domain is treated as a single-phase system, 
where the motion of gases employed to propel the powder particles and to shield the inside of the nozzle, is 
described by the mass conservation equation: 
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as well as by the momentum conservation equations: 
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where t is the time, rg is the density of the gas, ȣg is the gas velocity field defined by the Cartesian velocity 
components ug,vg, wg; pg is the pressure of the gas, ȝ represents its dynamic viscosity, and f represents an external 
force which may be acting on the gas. Powder particles constituting the powder stream are assumed to be spherical 
in shape. Their dynamic behavior is determined by the drag force of the surrounding gas, the influence of gravity, 
and trajectory deflections caused by collisions with the solid walls of the powder passages. In this work a 
Lagrangian equation is used [11]: 
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where mp is the mass of a particle, ȣp is the particle velocity field defined by the components up, vp, wp; Ap is the area 
of the particle, CD is the drag coefficient, ȡp is the density of the particle, g is the gravity force. By using Eq. 5, the 
location and trajectory of particles is freely determined in the entire mesh space, which is opposite to what occurs if 
the stream is treated as a two-phase flow system, in which the location of particles is moved to the centre 
coordinates of a mesh element. Below the top surface of the substrate, the domain is defined as a solid body. At the 
gas/solid interface, powder particles hitting the surface will bounce off according to the surface restitution 
coefficient, except for those falling on a modeled small central half-circle that represents the melt pool, where 
particles are made to stick. Equations 1 - 5 are solved using the built-in functions of the CFD software. 
2.2. Application and verification 
Fig. 2 shows the computed flow of particles forming the powder stream. Particles entering through the top inlets 
rapidly collide with the oblique inner wall of the nozzle cavity, causing them to decelerate and deflect at various 
directions. As they spread along the conical volume of this powder cavity, they gradually gain velocity, dragged by 
the surrounding gas, while at the same time, experiencing additional collisions with the walls.  
These collisions alter the particles trajectories, and provide an insight into why the stream does not converge at 
the distance predicted by trigonometry and geometrical methods. The emerging stream is annular in shape, and 
although powder particles are found along the whole annulus, the highest concentrations occur in four equally 
separated zones, which are in the axial planes of the four powder inlets. As seen in Fig. 2, particles forming the 
powder stream are calculated to converge at a distance ranging between 7.9 mm and 10 mm from the nozzle tip. 
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Fig. 2. Modeled powder stream, highlighting are underneath nozzle tip.  Powder flow rate: 0.42 g/s, carrier gas flow: 8 dm3/min, inner gas flow: 
6 dm3/min 
At this location, and under the parameters used, the average stream velocity is 2.3 m/s. After converging, the 
powder stream diverges taking the shape not of a clearly defined annulus, but that of a spreading cross. The close-up 
figure at the right extreme of Fig. 2 is the reference zone of interest in this work, and as such, figures in section 4 
focus on this zone. 
Experiments were made to verify the modeled powder stream dynamics. The experimental setup comprises an in-
house coaxial deposition nozzle through which 316L stainless steel in powder form (particle diameter ranges 53 – 
150 um) is conveyed. A SIMATIC OP-3 disk powder feeder controlled the amount of supplied powder to maintain 
it at a rate of 0.42 g/s. A flow of argon gas at a rate of 8 dm3/min was used as a carrier gas to propel particles, while 
a second flow of argon at a rate of 6 dm3/min was supplied as an inner gas to shield the process from oxidation.  
The powder stream was measured and analyzed using the light-sheet method described in [12] for which a high 
intensity lamp is placed besides the powder stream forming area. A narrow-grooved mask placed between the lamp 
and the stream, allows a thin sheet of light to pass. The center of the stream is illuminated and a digital camera 
positioned in the normal direction to the sheet, captures the illuminated stream. A black background increases 
contrast. The obtained images are then processed using an imaging software package to obtain luminance intensity 
levels across the waist of the stream and along its length. From these, the volumetric mass concentration, and hence 
density of the cloud in particles per unit volume, can be obtained and mapped. It is worth noting that due the nature 
of this method, no substrate was placed below the nozzle, as the presence of bouncing particles would undesirably 
produce random data. 
Fig. 3(a) compares the experimental and modeled transversal mass concentration distributions. It can be observed 
that the modeled curve has a higher peak than the experimental one, and at the same time that the latter presents a 
wider span. This difference may be due to the fact that diffuse light reflection from particles can give the impression 
that the stream looks wider than it actually is. The mass concentration along the stream in the axial direction is 
shown in Fig. 3(b). The mass is averaged along the shape of the stream below the nozzle’s tip. Fig. 3(b) shows the 
experimental and modeled averaged mass concentration along the stream diameter. 
Both curves show that immediately after the stream leaves the nozzle, the mass concentration increases steadily 
due to reduction in stream diameter caused by stream convergence. The highest experimental concentration at 1.1 x 
10-5 g/mm3 is reached at the focal point distance. A similar behavior is observed for the modeled curves, where the 
concentration peak is located at 10mm. As shown before, a higher magnitude is predicted with the model. At the 
same time, a steeper reduction in mass concentration after the focal point for the simulation than for the 
experimental one can be noticed. A more gradual decrement is observed for the experimental curve. 
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a b 
Fig. 3. (a) Mass concentration distribution in powder stream, in transverse direction, (b) Averaged mass concentration, along axial distance. For 
both figures: powder flow rate: 0.42 g/s, carrier gas flow: 8 dm3/min, inner gas flow: 6 dm3/min 
This difference could again be due to diffuse reflection, if it is considered that during experimentation, particles 
at the front at rear edges of the stream can be illuminated by diffuse reflection from particles illuminated directly by 
the light sheet. This could cause luminance values in the plane of investigation above and particularly below the 
stream focal plane to be over-estimated. In general, experimental and modeled streams show a comparable behavior. 
3. Powder stream heating 
3.1. Modeling of particle heating  
Depending mainly on the position of the substrate and the stream velocity, particles flying out from the nozzle 
can intersect the path of the laser beam before hitting the substrate base. Particles are irradiated by direct or reflected 
beam energy and as they heat up, they exchange heat with the surrounding environment by convection and radiation. 
In these conditions, the Biot number becomes an important parameter for analyzing particle heating. The Biot 
number is defined as Bi = hl / kp, where h is the convection coefficient, kp is the particle thermal conductivity and l is 
the characteristic length, which for a spherical particle is defined as rp/3. According to Lee [13], in plasma heating of 
various powder materials having spherical form, if Bi < 0.0333, it is acceptable to adopt a lumped capacitance 
approach. In this work, Bi < 0.001, and therefore; the use of the lumped capacitance method is justified. Based on 
these considerations, the thermal balance of particles interacting with the laser beam is described by the following 
relation:  
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Where rp is the particle radius, ȡp is the particle density,  cp is the specific heat, dT is the particle temperature 
variation in the time dt, Idir is the energy incident on the particle coming from the direct beam, Iref is the incident 
energy coming from substrate reflection, Șp is the particle absorption coefficient, h is the heat convection coefficient, 
T∞ is the temperature of the surrounding gas, T is the temperature of the particle, İ is the particle emissivity, ı is the 
Stefan-Boltzman constant, Lf is the latent heat of fusion, and X is a variable which takes the value 0 if T is different 
from the melt point, and takes the value 1 if T is equal to the melting point. In Eq. 6, the first term in the right hand 
side of the equation represents heat gains by direct and reflected beam irradiance, the second and third terms 
describe heat losses to the surrounding environment by convection and radiation respectively, whereas the last term 
is concerned with heat gains or losses due to phase change phenomena. 
In this work, the laser beam focal plane lies at a distance of 7.5 mm below the tip of the nozzle, and the beam 
waist is 1.8 mm. The beam shows an energy intensity, Idir, and top-hat intensity distribution in the transverse 
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direction. As shown in Fig. 1(b), flying power particles that intersect the beam will cloud a portion of the energy 
arriving at the substrate, corresponding in total to the sum of the areas of all irradiated particles, which are projected 
to the substrate. Thus, the laser intensity arriving at the substrate will be attenuated according to the following 
expression: 
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Where Iatten is the laser intensity after particle clouding, at a dS surface element, Isubt is the energy incident on top 
of the substrate, Np is the number of particles over the surface element dS.  
After hitting the substrate, some energy from the beam is absorbed depending on the absorption coefficient, while 
the remaining energy will reflected back to the surrounding media. It could be expected that this reflection should 
have a diffuse and a specular component. The latter is defined by the orientation of the reflecting element, which in 
actual processing conditions is the melt pool itself. As it is widely acknowledged, the melt pool is in continuous 
motion, and as such, it could be said that energy reflected from it would be directed to all directions. It could then be 
reasonable to assume that due to this continuous motion, the specular component behaves, in practical terms, as 
diffuse reflection, which leads to the assumption that all reflected energy from the substrate is of diffuse nature. The 
Lambert law is used to describe this reflection. Thus, the energy reflected by a surface element towards a powder 
particle, will depend on the position of the particle with respect to the reflecting surface element, according to the 
following relation: 
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Where IdS is the energy incident at the surface element dS, Șs is the absorption coefficient of the substrate, θ is the 
element formed between the normal line to dS and the imaginary line that projects the droplet to the center of dS, Ω 
is the solid angle formed between the element dS and the particle. Equations 6 - 8 are written in the form of an 
external code, embedded into the CFD software. Results from simulations using this code are shown in section 4. 
4. Laser – powder – substrate interactions 
For ease of reading, the interaction between the substrate, the powder stream and the laser beam are grouped in 
three categories, organized in sections 4.1 to 4.3 
4.1. Effect on powder mass concentration 
Fig. 4 shows the influence of substrate position on volumetric mass concentration. There is a strong increase in 
mass concentration as the substrate is positioned closer to the nozzle. The lowest concentration is obtained when the 
substrate is positioned far away from the nozzle, at 60 mm; but as this distance is reduced, an increment in 
volumetric mass concentration is observed, which is particularly high when the substrate is positioned at 10 mm 
under the nozzle, as the curve shows a steep slope. This is caused because at such distance, a significant amount of 
particles that are not absorbed by the melt pool, bounce off from the substrate back into the bulk of the stream, 
increasing the amount of mass present in the stream, and as will be seen in section 4.3, this affects the levels of laser 
attenuation. 
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Fig. 4. The modeled effect of substrate position on average mass concentration. Powder flow rate: 0.42 g/s, carrier gas flow: 8 dm3/min, inner gas 
flow: 6 dm3/min 
4.2. Effect on powder stream temperature 
Two contrasting cases are modeled. In one of them, the substrate is positioned far away from the nozzle at 60 
mm; this situation is effectively a free-stream and is thus the situation most often considered in the literature. In the 
second case, the substrate is positioned at the processing distance of 10 mm, which is a realistic processing position 
during deposition.  Fig. 5 shows the calculated in-flight particle heating for a 1 kW laser beam, when the substrate 
positioned at 60 mm below the nozzle. Particles immediately leaving the nozzle have a converging trajectory and 
ambient temperature. Initial heating occurs at 3.5 mm below the nozzle’s tip when some particles interact with the 
still defocused beam. 
 
 
Fig. 5. Modeled stream temperature, half cross section. Power: 1000 W, powder flow rate: 0.58 g/s, substrate position: 60 mm (substrate is not 
perceptible on this figure), carrier gas: 5 dm3/min, inner gas: 4 dm3/min 
At crossing the focus point of the laser beam, particles experience the highest temperature increment, although 
the highest temperatures are found at the edges of the stream below the focal point. This is due to the fact that a 
diverging beam is still able to irradiate the stream even after the focal point has been passed. Particles falling inside 
the area of the melt pool are fused to the substrate, and those falling outside it, bounce off in various directions away 
from the stream, although not shown in Fig. 5.  
Fig. 6 shows the particle heating map when the substrate is positioned at 10 mm below the nozzle. It is possible 
to note that a significant proportion of particles which are not absorbed by the melt pool, bounce back into the 
powder stream with an ascending direction, as shown in Fig. 7 
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SUBSTRATE
 
Fig. 6. Modeled stream temperature, half cross section. Power: 1000 W, powder flow rate: 0.58 g/s, substrate position: 10 mm, carrier gas: 5 
dm3/min, inner gas: 4 dm3/min 
It can be seen that particles have slightly less space and time to interact with the beam before reaching the 
substrate. Nonetheless, particles that bounce from the substrate into the inner zone of the stream are heated 
significantly more due the continuous exposure to laser irradiance. Under the tested processing conditions, all 
particles arrive in solid form at the melt pool. 
 
SUBSTRATESUBSTRATE
 
Fig. 7. (a) Modeled temperature and velocity vector of particles in downwards direction, (b) Modeled temperature and velocity vector of 
bouncing particles in upwards direction. For both figures the number of particles has been arbitrarily reduced for ease of visualization. Power: 
1000 W, powder flow rate: 0.58 g/s, substrate position: 10 mm, carrier gas: 5 dm3/min, inner gas: 4 dm3/min 
When comparing Fig. 5 against Figs. 6 and 7, it can be clearly seen how significant the position of the substrate 
with respect to the nozzle can be. It can alter not only the overall mass concentration but also overall stream heating 
between the nozzle and melt pool. Moreover, the direction of particles within the stream is drastically affected, 
potentially leading to and hot or molten particles falling outside the melt pool. 
4.3. Effect on laser beam attenuation 
Figs. 8 and 9 illustrate how the substrate – powder – laser interaction influences the laser attenuation levels. In 
both figures the beam intensity attenuation ratio, defined as the beam intensity at any point on the substrate (after 
attenuation by the powder stream) divided by the intensity that would have existed with no powder present, in the x-
y plane 10 mm below the nozzle is shown. Due to the top hat intensity distribution of the beam, the non-attenuated 
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power intensity would have been 4.274 x 108 W/m2, with a uniform distribution, in both cases. 
From these figures, it is clear that there is a significant attenuation of the energy reaching the substrate, as a 
consequence of clouding caused by flying particles. This is observed for both cases: when the substrate is positioned 
at 60 mm under nozzle and when it is at 10 mm. It is interesting to note that this attenuation is not evenly distributed 
across the spot area, but it depends on the distribution of flying particles. By looking at Figs. 8 and 9, it can be seen 
that the attenuated area has a cross-like shape, which is in agreement with the shape of the diverging stream, as 
previously explained in section 2.2. This effect is much more evident in Fig. 8, when the stream within 10 mm of the 
nozzle is not disturbed by the presence of a substrate and contains no recoiled particles. In both cases, it can be 
observed that there is a zone at the center of the region, close to the origin (x = 0, y = 0), where a large proportion of 
the energy has been blocked due to the high concentration of particles above. Averaging the attenuation levels 
across the beam spot area, when the substrate is positioned at 60 mm, the average beam attenuation ratio is 0.53, 
whereas when the substrate is at 10 mm it is 0.44. There is more attenuation in the second case due to the higher 
concentration of particles in the powder stream because of particles bouncing back from the substrate (fig. 7(b)). 
 
 
Fig. 8. Modeled energy attenuation percentages across beam spot. Half beam modeled due to symmetry. Power: 1000 W, powder flow rate: 0.58 
g/s, substrate position from nozzle: 60 mm, carrier gas: 5 dm3/min, inner gas: 4 dm3/min 
 
 
Fig. 9. Modeled energy attenuation percentages across beam spot. Half beam modeled due to symmetry. Power: 1000 W, powder flow rate: 0.58 
g/s, substrate position from nozzle: 10 mm, carrier gas: 5 dm3/min, inner gas: 4 dm3/min 
5. Conclusions 
In this work, a numerical model is developed for analyzing the interaction between the powder stream, the laser 
beam and the substrate in laser cladding processes. It is able to predict the complex powder stream, its velocity and 
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geometry under conditions closer to a real processing environment than used in previous powder stream simulations. 
From the work it can be concluded: 
• Despite having an annular outlet passage, the powder stream particle distribution is not necessarily annular and is 
strongly influenced by the position of powder inlets in the nozzle. In this work there were four zones of high 
particle concentration; 
• The trajectory of particles leaving the nozzle are strongly influenced by their collisions with internal walls and 
cannot be predicted accurately from the passage angles by purely trigonometry and geometrical methods;  
• The volumetric mass concentration in the stream is affected by the position of the substrate with respect to the 
nozzle tip. At smaller offset distances, the concentration increases as a result of particles bouncing back from the 
substrate into the stream; 
• Particle heating mainly depends on the energy levels irradiating a particle as well as the exposure time, which in 
turn is a function of the particles trajectories and velocities; 
• The laser energy arriving at any point below the nozzle is attenuated by the presence of flying particles, which 
cloud the incident luminous energy. The position of the substrate with respect to the nozzle affects the 
attenuation at any point, because of its affect on mass concentration in the stream. Under the tested conditions, 
including the substrate in simulations increased the mean attenuation ratio (actual incident power / non-
attenuated incident power) 10 mm below the nozzle from x to y. 
 
Overall, the model indicates that the flow patterns, heating of and attenuation due to a coaxial powder stream 
without a substrate present is different to that when the substrate is put in place and a realistic cladding configuration 
is adopted. The work highlights the risk of some previous modelling methods and points the way forward to authors 
who may wish to study this area in the future. 
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